SUMMARY
Volatile anaesthetics are known to disrupt many aspects of cellular biochemical processes, including those of protein synthesis and secretion. Several reports have described the effects of anaesthetics on protein synthesis and secretion in different cellular systems [1] [2] [3] [4] [5] [6] [7] [8] [9] . Previous studies have shown that the dynamic culture of guineapig liver slices is a suitable method for studying the biotransformation and toxicity of volatile anaesthetics [10] [11] [12] [13] . Volatile anaesthetics are cytotoxic to guineapig liver slices, as indicated by leakage of K + [11] . However, for relatively weak toxins such as volatile anaesthetics, high concentrations were required for long periods of time to produce damage to cellular membranes and a more sensitive indicator would be useful.
The objectives of the present study were first, to determine the effect of halothane on protein synthesis and secretion using liver slices from guineapigs; second, to determine the importance of the oxidative pathway of halothane biotransformation on toxicity by studying the effect of d-halothane (which is resistant to oxidative metabolism) on protein synthesis and secretion; and third, to compare the effects of various volatile anaesthetics on total protein synthesis.
MATERIALS AND METHODS

Chemicals
Halothane was obtained from Abbott Laboratories (North Chicago, IL). d-Halothane was synthesized in our laboratory [14] and stored under nitrogen in the dark at -20 °C. Isoflurane and enflurane were obtained from Anaquest (Madison, Wisconsin). Sevoflurane was obtained from Maruishi Pharmaceutical Co. (Osaka, Japan). L-Leucine- (4, H) (53 uCi mmol" 1 ) was obtained from ICN Biomedicals, Inc. (Irvine, CA) and 1-glutamine, basal medium Eagle-amino acids (BME-amino acids) and basal medium Eagle-vitamins (BME-vitamins) and gentamicin from Gibco Laboratories (Grand Island, NY). All other chemical were of analytical grade and obtained from regular commercial sources.
Krebs-Henseleit buffer used for the preparation of the slices at 4 °C contained (g litre" 1 ): NaCl 6.9, KC1 0.36, KH 2 PO 4 0.13, NaHCO 3 2.11, MgSO 4 -7H 2 O 0.29, CaCl 2 H 2 O 0.43, glucose 4.5 [15] . Krebs-Henseleit buffer used for the incubation was of the same composition as the above except NaHCO 3 was reduced to 1.7 g litre" 1 to obtain pH 7.4 at 37 °C. The incubation buffer was supplemented with BME-vitaminSj BME-amino acids and 1-glutamine 1 mmol litre" 1 each and gentamicin 50 (igml"
1 . The pH of the buffers was adjusted by gassing with 5 % carbon dioxide in oxygen for 30 min or longer. L-Leucine-(4,5-3 H) 0.3 uCi ml" 1 was added to the media, which already contained L-leucine 2.6 mg litre" 1 from the BME-amino acids supplement.
Animals
Adult male Hartley guineapigs (600-650 g) were obtained from Sasco, Inc (Omaha, NE). This strain has shown a high incidence of halothane-associated hepatic necrosis of 50 % when exposed to 1 % halothane for 4 h in 21 % oxygen [16] . Five animals were housed per hanging cage on a 12-h light/dark cycle for a few days before the experiments. The guineapigs were fed Wayne chow, cabbage and water ad libitum.
Preparation of liver slices
After cervical dislocation of the animals, the liver was excised and placed immediately in cold KrebsHenseleit buffer (4 °C, pH 7.4). Different areas of the liver lobes were cored (1 cm), and slices (25-30 mg wet weight, 250-300 urn thickness) were prepared using a Krumdieck tissue slicer [17] . Slices were maintained on ice in oxygenated carbon dioxide in oxygen Krebs-Henseleit buffer pH 7.4 until incubated.
Three slices were incubated together in a glass scintillation vial containing supplemented KrebsHenseleit buffer 1.6 ml at 37 °C. The slices were laying on stainless steel mesh cylinders circumscribed with two wheels. Vials were gassed with 5 % carbon dioxide in oxygen. After 1 h preincubation, the volatile anaesthetics were injected through a Teflon septa cap onto a circular filter paperwick (diameter 0.7 cm, or 2.2 cm for larger volumes) and allowed to vaporize. Vials were placed on a heated (37 °C) vial rotator, housed in an acrylic plastic box and rotated at 3.5 r.p.m. for up to 24 h. Slices were removed after 3, 6, 9, 12 and 24 h and used for measuring protein synthesis; the culture medium was collected at the same intervals for measuring protein secretion (halothane only).
Anaesthetic concentrations -
Aliquots of medium were extracted with n-heptane and the extract assayed for halothane, d-halothane, isoflurane, enflurane and sevoflurane by gas chromatography [18] . The individual anaesthetics (0.5-4 mmol litre" 1 ) in n-heptane were used for preparing a standard curve.
L-Leucine-(4,5-
3 H) uptake After a 1-h preincubation of the liver slices, L-leucine-(4,5-3 H) 0.3 uCi ml" 1 was added to the medium, followed immediately by halothane. Slices were removed after incubation for 0-24 h and rinsed in Krebs-Henseleit buffer several times and blotted to remove extracellular leucine and placed in 3% (v/v) Triton 1 ml. The slices were homogenized by sonication and added to 9 ml of Safety-Solve (RPI Mount Prospect, IL) and the radioactivity quantified by liquid scintillation counting. Results were expressed as leucine-(4,5- 
Protein synthesis
Radiolabelled leucine 0.3 uCi ml" 1 was added to a stock solution of Krebs-Henseleit culture medium. After different intervals of incubation (1-24 h) the slices were removed from the incubation vials, blotted, and placed in 1 ml of ice-cold potassium hydroxide 1 mol litre" 1 . The slices were homogenized by sonication. Aliquots (50 JJ.1) of the homogenates were taken for protein determination according to the method of Lowry [19] . An equal volume of acetic acid 1.5 mol litre" 1 was added to the rest of the homogenate and centrifuged at 3000 g for 10 min. The pellet was then suspended in 1 ml of sodium hydroxide 0.5 mol litre" 1 and neutralized by the addition of 250 ul of hydrochloric acid 2 mol litre"
1 . The radioactivity was quantified by liquid scintillation counting in Safety-Solve 5 ml. Results were expressed as mean (SEM) d.p.m. of 3 H-leucine incorporated per mg of protein (d.p.m. mg" 1 ).
Protein secretion
Protein secretion was measured in the culture medium after different intervals of incubation (1-24 h). Aliquots of 1 ml of the medium were removed from the incubation vial and mixed with ice-cold 10% (v/v) perchloric acid 0.2 ml. The denatured extracellular proteins were precipitated by centri- fugation at 3000 g for 10 min and the pellet washed three times by resuspending in ice-cold 20% perchloric acid 2 ml. The final pellet was dissolved in 1 ml of sodium hydroxide 0.5 mol litre" 1 and neutralized by adding 200 ul of hydrochloric acid 2 mol litre"
1 . Radioactivity was quantified by liquid scintillation counting in Safety-Solve 5 ml. Results were expressed as d.p.m. of 3 H in secreted protein per ml of culture medium (d.p.m. ml" 1 ).
Statistics
For each experimental condition, four to six liver slices were used. The experiment was repeated four or five times with slices from different animals (at least three) each time. Thus 16-25 slices were assayed for each experimental point. Values are given as mean (SEM) . Comparisons of values were made using a one-tailed Student's t test or analysis of variance (ANOVA) when applicable.
RESULTS
Halothane produced a concentration-time related decrease in protein synthesis ( fig. 1 ) and protein secretion ( fig. 2) in the liver slices. The decrease in protein secretion was more pronounced than that in protein synthesis.
Halothane 1 mmol litre" 1 did not affect the uptake of L-leucine into the cells ( fig. 3 ), yet this concentration decreased protein synthesis and secretion significantly at some time points. The amount of 3 Hleucine incorporated into the cells decreased significantly only in the presence of halothane 1.7 mmol litre" 1 (only at 6 and 24 h of incubation) and 1.9 mmol litre" 1 (at all time points). However, exposure to both these concentrations of halothane produced 50% and 80 % decreases, respectively, in protein synthesis compared with non-exposed controls ( fig. 1 ).
d-Halothane 1.7 mmol litre" 1 produced less inhibition of protein synthesis ( fig. 4 ) than halothane. Liver slices were exposed to halothane 2.1 mmol litre" 1 , enflurane 2.2 mmol litre" 1 , isoflurane 2.2 mmol litre" 1 or sevoflurane 2.1 mmol litre" 1 for 24 h; the small differences in concentrations of the anaesthetics was caused partly by differences in partition coefficients. At these concentrations, all the anaesthetics decreased protein synthesis significantly after 6 h of incubation; however, halothane had a more pronounced effect ( fig. 5 ).
DISCUSSION
The guineapig liver slices are a good model for the study-of anaesthetic hepatotoxicity, as. no. pretreatment or extensive manipulation (hypoxia or enzyme induction) are required and the liver lesions produced are similar to those seen clinically [12, 13] . The normal liver hepatocyte population is maintained and remains viable for more than 24 h and is able to biotransform halothane to either oxidative or reductive metabolites [10] .
Protein synthesis and secretion are useful indicators of toxicological damage [5] . A concentrationresponse relationship of halothane hepatotoxicity to guineapig liver slices was demonstrated. The toxicity was indicated by inhibition of protein synthesis and secretion under 95 % oxygen, in which conditions halothane is biotransformed mainly through an oxidative pathway [16] . These results are consistent with the report of Lind, Gandolfi and Hall [16] that oxidative biotransformation is an important toxic mechanism in vivo.
Inhibition of protein synthesis produced by halothane has been observed in some studies, but not others. Short exposure time to small concentrations (4-6 h, 2.0 % halothane) did not result in inhibition of protein synthesis [20, 21] , while studies with a large concentration of halothane (4.0%) caused significant inhibition [3, 4, 22] . The concentrations used in the present study are consistent with concentrations used in other studies in which the anaesthetic concentration was measured in the incubating medium. Aune and others reported [22] a dose-dependent inhibition of protein synthesis and secretion caused by concentrations of halothane and enflurane 0.5, 1 and 2 mmol litre" 1 which corresponded to serum concentrations during clinical anaesthesia. Malledant and others [9] studied the effect of halothane 0.1-7.5 mmol litre" 1 and isoflurane 0.3-5.5 mmol litre" 1 on protein synthesis and secretion in rat and human hepatocytes, and found that halothane was cytotoxic to human hepatocytes at concentrations much greater than used clinically. However, our results are consistent with those reported by Rannels, Christopherson and Walkins [3] and Flaim and others [4] , who demonstrated that halothane produced a rapid and dose-dependent inhibition of total protein synthesis and secretion in the perfused rat liver and lung. In the guineapig liver slices, decrease in protein synthesis and secretion was observed with halothane 1.7 mmol litre"
1 . Greater concentrations (1.9-2.1 mmol litre" 1 ) were needed to cause a decrease in intracellular K + [11] . It appears that protein synthesis and secretion were more sensitive indicators of the hepatotoxicity of halothane.
d-Halothane produced less inhibition of protein synthesis than halothane. Lind, Gandolfi and Hall [16] have shown that d-halothane is resistant to in vivo oxidative biotransformation, which was accompanied by a significant reduction in halothane hepatotoxicity in the guineapig. In a previous study with guineapig liver slices [11] , d-halothane was shown to be less cytotoxic because of its ability to resist oxidative degradation. These results suggest that the cytotoxicity of halothane is probably a result of its biotransformation through an oxidative pathway, as d-halothane is resistant to oxidative biotransformation .
Enflurane, isoflurane and sevoflurane decreased protein synthesis less than a similar concentration of halothane (2.1 mmol litre" 1 ). These results are consistent with a previous study measuring the intracellular K + content of the slice as an indicator of toxicity [11] , in which all the anaesthetics decreased the K + content of slices, but halothane was the most potent. Similarly, Lind and others [13] demonstrated that halothane is hepatotoxic in vivo in the guineapig, while enflurane produces a limited liver injury in the guineapig only under hypoxic conditions [13] . Isoflurane does not cause any liver injury in the guineapig [23] , yet sevoflurane produces liver lesions in this species which appear to result from reduction in hepatic blood flow [24] . The results of these in vivo studies closely parallel the findings reported here. Thus it appears that inhibition of protein synthesis may be used as an indicator of hepatotoxicity in our in vitro system.
Although volatile anaesthetics inhibit protein synthesis, the exact sites of inhibition are not known. Bedows, Low and Knight [6] suggested that halothane-induced inhibition of protein synthesis is a generalized depression in the synthesis of all proteins, and that the inhibition occurs at the site of protein initiation. They also suggested that RNA synthesis was not affected by the halothane concentration which produced inhibition of protein synthesis [6] . Previous studies also have suggested that halothane exposure does not affect RNA synthesis [21, 25] . The halothane-induced reduction in uptake of L-leucine does not appear to be the cause of protein synthesis inhibition either, as halothane 1 mmol litre" 1 did not inhibit L-leucine uptake, but inhibited protein synthesis and secretion, and halothane 1.9 mmol litre" 1 inhibited L-leucine uptake by 25 % while the same concentration decreased protein synthesis by more than 80%. These results are consistent with earlier studies [3, 4, 6] , which suggested that the anaesthetic-induced inhibition of protein synthesis was caused by effects on the initiation of protein synthesis and not by inhibition of the uptake of radiolabelled precursor. Further investigations are required to understand the mechanisms of action of anaesthetics on protein synthesis. However, inhibition of protein synthesis and secretion appears to be a valid indicator of early cellular toxicity by mild toxins such as volatile anaesthetics.
